INTRODUCTION
Amongst the various developments in the area of high-performance fibres, two major routes can be discerned which are completely different in respect of the starting (base) materiaIs, respectively intrinsically rigid as opposed to intrinsical1y flexible macromolecules.
Rigid Chains
More than 50 years ago Carothers and HilJl formulated the conditions requisite for the production of a 'useful fibre', such as the necessity for long chain molecules which are perfectly ordered in an array with the chain axis parallel to the fibre direction. Along these lines the design and development of intrinsical1y stiff macromolecules forms, at least in retrospect, a logical approach to the exploitation of the intrinsic possibilities with respect to stiffness and strength of a covalently bonded (Ziegier, 1954) , an important feature was found: the phenomenon of folded-chain crystallization. Storks 8 had mentioned the possibility of chain folding during crystal1ization, on the basis of electron diffraction studies of thin films of gutta-percha in 1938. The concept of chain folding, however, remained unnoticed until about 1955, when polyethylene single crystals were obtained from dilute solutions. 9 Keiler concluded from the electron diffraction pattem of PE single crystals that the direction of the chains was perpendicular to the basal plane, as shown schematically in Fig. I .
Although the concept of chain-folded crystallization of PE and other regular/f1exible macromolecules has fascinated many scientists up to now, scattered research activities had already started in the 1960s to pursue chain extension. Polyethylene featured as the prime candidate in these solution is hindering for achieving chain-extension and formation of hightenacity fibres by conventional spinning methods.
Transformation of the as-spun structures into chain-extended type crystals via wel1 known post-drawing techniques, usual1y in a temperature range close to but below the melting point, is only partly successful, at least if we compare the values ofaxial (Young's) moduli of large-scale manufactured technical yams with their theoreticallimits (see Table 1 ).
The theoretical moduli and the actual values for technical yams (TabIe 1) indicate a major gap between practical and theoretical Iimits.
Comparison with the moduli of high-performance fibres based on rigid chains makes it clear that the conventional spinning techniques involving post-tensile drawing are highly inadequate for the production of highstrength/high-modulus structures based on flexible macromolecules. In Table 1 no reference is made to theoretical values for tenacity since this property, in contrast with low-strain properties such as moduli, is difficult to estimate for real (finite chain) systems (see below).
array of atoms, since chain-extension and alignment are achieved comparatively easily (not taking into account the sophisticated chemical work done beforehand) in comparison with ftexible macromolecules.
Examples of really rigid chain molecules are PBT (poly-p-phenylene benzobisthiazole) and its molecular analogue PBO (poly-p-phenylene benzobisoxazole). In both cases the persistence length, P, measured by light scattering in dilute solutions is, within experimental error, identical with the contour length, L, indicative of a 'rigid rod nature'.2 Typical tensile properties 3 of heat-treated PBT fibres spun from solution are: tenacity 3·5 GPa, modulus 250GPa and e1ongation at break 1,2%, or the specific values for strength and stiffness, viz. 2·2 N tex -1 (see Table 4 for conversion of units) and 160 N tex -1 respectively (density of PBT is 1·6 gcm -3).
The prime examples of rigid chain polymers however are the aromatic polyamides (aramids), notably poly(p-phenylene terephthalamide) (PPTA), marketed under the trade names of Kevlar (DuPont) and Twaron (Akzo/Enka). The tensile properties of e.g. the Kevlar 49 grade are: tenacity 3 GPa, modulus 130GPa and strain at break 2% or, in specific values, tenacity 2 N tex - 1 and modulus 90 N tex -1 (the density of PPTA is 1·45 gcm -3).
Although the aromatic polyamides are not strictly rigid chains3.4 (for PPTA the ratio L/P is about 4), experimental conditions have been found to promote chain-extension and orientation in the fibre direction. These experimental conditions encompass spinning from Iiquid crystalline (nematic) solutions and optimized spinning and coagulation procedures followed by heat treatment under tension to promote and retain a high degree of chain-orientation/extension in the fibre direction to achieve optimum mechanical properties. 5 1.2. Flexible Chains Flexible (regular) chains tend to fold during crystallization (see Section 1.3), and consequently in conventional spinning methods folded-chain type crystals will be formed during solidification (melt-spinning), solvent evaporation (dry-spinning) or coagulation (wet-spinning). Of course this statement is an oversimplification of reality since, during spinning of stereo-irregular polymers such as poly(acrylonitrile), L-L phase separation takes place during coagulation and chain-folding is not very pronounced. Nevertheless, the tendency to form folded-chain crystals shown by crystal1izable polymers such as the polyamides, polyesters, polypropylene and polyvinylalcohol during solidification from the melt or studies, partly due to its simple chemical structure and its availability in a wide range of chain lengths, but also due to its intrinsic possibilities. Polyethylene can be synthesized with molecular weights exceeding 10 6 kg kmol-1 and with a nearly linear structure. The zig-zag chain conformation in the solid state and the absence of pendant groups implies that the PE chain has a small cross-sectional area and consequently that the number of load-bearing elements per fibre cross-section is high, provided the chains are fully extended in the fibre direction. Theoretical calculations showed that the strength of linear PE could be as high as 19-25GPa,IO.ll with a corresponding modulus of about 300GPa. One has to be cautious in using these strength values because they were calculated from loading individual and infinite chains to the limit (rupture of C-C bonds). Actually, we have to deal with finite chains and the maximum tenacity values are determined by other factors such as chain length, degree of chain orientation, crystallinity and crystal size and, above all, chain extension and topology. This is shown schematically in Fig. 2 for three examples, all possessing nearly perfect chain orientation but having a very different degree of chain extension. It is c1ear without further comment that the tenacity increases from virtually zero to its maximum value.
Aim (Scope) of Review
The origin and development of various techniques and processes to produce high-strength/high-modulus PE structures will be reviewed, with emphasis on solution-spinning techniques in Section 2. The basic aspects " " " " " " " " " " " "
and proposed mechanisms for ultra-drawing of polyethylene will be discussed in Section 3. Properties of high-performance PE fibres will be presented in Section 4 and the recent results on other flexible polymers will be summarized in Section 5. The structure of oriented PE and modelling is not discussed. Many models for drawn polymers exist (see e.g. Reference 12) , and the variety of models alone for drawn PE to describe its structure and properties is indicative of a lack of detailed information on a molecular level. Standard techniques such as X-ray scattering, birefringence etc. reveal chain orientation but fail to provide adequate information about chain extension. The techniques and processes discussed certainly do not constitute a recipe for making high-strength/high-modulus structures from flexible polymers. On the contrary, polyethylene is rather an exception amongst its class of flexible chain molecules and currently pre-marketed highperformance PE fibres (HP-PE) are exceptional if we compare their specific tensile properties with those of other high-performance fibres, the more sa if we take into account its simple chemical structure in relation to properties (see Table 2 ). structures. It is impossible within the scope and purpose of this review to discuss and comment upon the various contributions in this field. Therefore aselection has been made of views, experimental results and techniques which are directly related to current processes for the production of high-strength/high-modulus PE fibres. It is, of course, in retrospect always possible to select those experimental results from the literature which, after being presented in chronological order, will give the impression that the development towards the production of highstrength/high-modulus PE fibres has been straightforward. This is however far from reality; in fact the route towards current processes has been a tortuous one and, as usual, serendipity has played an important role, as can be inferred from the literature survey presented below.
Early Attempts (before 1970)

Solution Routes
Solution-spinning of linear polyethylene dates back to 1956, when a patent application was filed by the Vereinigte Glanzstoff-Fabriken (now Akzo-Enka) conceming wet-spinning of polyolefins. 13 The inventor, Jurgenleit, reported spinning of linear polyethylenes from moderately concentrated solutions, 10-18%; after post-drawing the spun filaments, tenacities up to 1·2 GPa were obtained. Similar values for tenacity were found by Sato and Hirai in spinning concentrated PE solutions and subsequent drawing.
14 Solution-spinning of ultra-high molecular weight (UHMW) PE (M w > 10 6 kgkmoll ) was performed by Zwick 15 from naphthalene solutions. No post-drawing was mentioned in his patent application, nor were fibre properties discussed. Blades and White 16 introduced their so-called flashspinning technique. A pressurized solution of linear polyethylene (meltindex 0·5 and solution concentration 13% in halogenated hydrocarbons) was extruded at high speeds and temperatures (about 200°C). The fibrillated strand yam which precipitated upon rapid cooling and almost instantaneous solvent evaporation was subjected to slow drawing. Maximum values for tenacity and modulus were reported to be about 1-4 GPa and 20 GPa, respectively.
HISTORICAL SURVEY
Numerous publications exist on the drawing behaviour of polyethylene and the re1ated crystal structure and morphology of oriented PE
Chain Extension in Solution
Mitsuhashi I 7 was probably the first to attempt inducing chain extension directly in solution. Figure 3 Stirring polymer solutions to induce chain extension is less obvious than might be thought at first sight. In general, to stretch the chain the hydrodynamic driving force should exceed the entropic restoring force towards the random coil conformation. The type of flow is important and elongational flows are particularly suitable in view of tbe aim of fully stretching out an individual macromolecule. ls The following conditions are claimed to hold for chain extension: 19 In eqn (1), t is the strain rate, T the cbaracteristic relaxation time and dt the time during whicb the macromolecule is exposed to the flow field. The relaxation time is strongly dependent on molecular weight. 20 for the system polyethylene in xylene that at a strain rate of 1000 s-I only molecules with molar masses > 2 x 10 6 will become ful1y stretched out. The extremely high strain rates require special devices for chain extension. 21 The observation of Mitsuhashi that in a simple Couette type apparatus oriented PE structures could be produced is, in retrospect, due to two main factors. In semi-dilute solutions (in the case of Mitsuhashi <IJ> 2%) entanglement-coupling plays an important role and induced chain extension can be made permanent if the solution is slightly supercooled by nucleation and alignment of (partly) oriented chains (to be discussed below).
,EZ~-D conclusion from Statton's original work is that folded-chain crystals grown from dilute solutions are ductile at elevated temperatures and unfold rather easily in the direction of the applied stress, an observation which was comprehended more than ten years later to its full extent after the invention of the gel-spinning process.
Developments during 1970-80 2.2.1. Deformation in the Solid State
In 1970 Andrews and Ward 26 started systematic drawing studies of spun/melt crystallized PE filaments. They reported that the axial Young's modulus of the drawn filaments increased with increasing draw ratio and moduli of up to about 20 GPa. Later, Ward et al. 27 studied the influence of obtained below 10, for Mw~106kg kmol-1 , sometimes referred to as a natural draw ratio.
The concept of a natural draw ratio has been established in tensile drawing of melt-spun filaments, for instance polyamides with À max~5 -6.
However, a. limiting natural draw ratio is not predicted by any current model of polymer crystalline structure/morphology. The maximum extension ratio of chain molecules, which equals the extended chain length, L, divided by the end-to-end distance, can be estimated provided that the chain conformation is known. In the case of melt-crystallized polymers, the topology of chains is still very much a matter of debate. Although detailed studies on the drawing behaviour of polyethylene as a function of molecular weight, crystallization conditions etc. could provide interesting additional information with respect to the organization of chains in the solid state, we will simplify the actual complex situation by stating that in the case of melt-crystallized PE the chain conformation should lie between the two extremes (a) regularly folded (adjacent re-entry) and (b) random coils (Erstarrungsmode1l 28 ). In the case ofregularly folded chain crystals the maximum molecular extension ratio is given by the ratio of the fold length, Lr' and the chain diameter, 15:
As can be inferred from Fig. 4 , the maximum molecular extension ratios are much higher than the maximum observed macroscopic draw ratios (shaded area). In the drawing of solid (flexible) polymers the macroscopic deformation correlates with the molecular extension,30 and it is clear from the calculated extension ratios that the decrease in drawability with M for polyethylene is not related to the individual chains but to other factors which will be discussed in Section 3. '
Despite its limitations with respect to molecular weight, reflected in the ultimate strength values of about 1 GPa, melt-spinning/drawing of linear PE has advantages, such as its simplicity and consequently low cost price of the fibres and tapes, and, in terms of price performance, is attractive for many applications. 31
Deformation in the solid state is not restricted to tensile drawing of spun filaments. Solid-state extrusion (hydrostatic extrusion) of pre-formed PE billets has been performed. 32 • 33 In such processes one avoids the meltextrusion/spinning step but, as is clear from the discussion above, in spinning and quenching/cooling conditions of the as-spun filaments on the maximum drawabiJity. Via optimization of the spinning and solidification conditions, fibres could be obtained possessing moduli of up to about 70 GPa, or specific values exceeding the stiffness of glass and steel. Meltspinning followed by ultra-drawing in a temperature range close to but below the melting temperature is however limited to certain molecular ranges, for two reasons:
(a) With increasing molecular weight, melt-spinning becomes increasingly difficult due to a strong rise in melt viscosity, and related phenomena such as melt fracture are prohibitive to continuous in-line spinning/drawing. An upper limit is an M w of about 5 x 105. (b) With increasing molecular weight, melt-crystallized polyethylene increasingly resists deformation in the (semi-)solid state, i.e. postdrawing of melt-spun filaments becomes less adequate. The decrease in drawability/draw ratio with increasing molecular weight was studied systematically by Ward and coworkers and Fig. 4 shows their experimental results for the maximum draw ratio as a function of molecular weight of melt-crystallized polyethylenes (shaded area in Fig. 4) . A limiting value for À max is and for random coils:
deforming solid PE the same limitations are encountered with respect to molecular weight. In order to obtain high-modulus structures, high EDR's (extrusion draw ratios) are necessary, comparable to draw ratios in tensile drawing. More recently, the method of drawing through suitably profiled dies (die-drawing) has been reported as a means of producing three-dimensional oriented structures such as tubes and sheets. 34
Solution Routes
In the mid-1960s it was found at DSM Central Research that fibrous PE crystals are formed in a Couette apparatus if the inner rotor exceeds a critical rotation rate coinciding with the onset of Taylor vortices. 35 The correlation between the onset of Taylor vortices, which are known to contain elongational components, and the formation of fibrous crystals became less pronounced when high molecular weight PE was employed.
As mentioned before in discussing Mitsuhashi's work, formation of fibrous crystal structures in stirring semi-dilute, high molecular weight PE solutions is in part due to entanglement coupling, as became clear later after detailed studies on surface growth and gel-spinning (see below). The morphology of stirring-induced fibres has become known as the 'shish-kebab', a central core consisting of more or Iess extended PE molecules (shish) and folded-chain type crystals deposited on the core (kebabs); see Fig. 5 . For a detailed discussion of the formation of shishkebabs the reader is referred elsewhere.19.36.37
The structure of shish-kebab type fibrous polyethylene is far from the ideal arrangement of PE macromolecules with re5pect to stiffness and strength, and reflects once more the problem of obtaining ful1 chainextension. Due to the presence of lamel1ar overgrowth, moduli of precipitated fibrous PE 'shish-kebabs' were limited to up to about 25 GPa,38 to be compared with > 50 GPa in the cases of meltspinningjdrawing and single-crystal drawing.
The work on stirring-induced crystallization was fol1owed by various techniques such as free growth,39 culminating in the so-called surfacegrowth technique. 40 Figure 6 shows a schematic representation of this technique. A seed fibre is immersed in a dilute solution ofUHMW-PE and from the surface of the rotating inner-cylinder fibrous, tape-like polyethylene structures can be withdrawn. Under optimized experimental filaments; drawing performed single-stage at 120 however, is that even after complete solvent removal from the as-spun filament, for instance by extraction, ultra-drawing is still possible. Figure 8 demonstrates the difference in drawability between melt-crystallized and solution-spunjcast UHMW-PE in the solid state, and Fig. 9 shows the effectiveness of the tensile drawing procedure. Figure 9 presents the data from the original patent applications 42 based on isothermal drawing, but 37 and in fact represents a milestone since it provided the experimental proof that high-modulusjhigh-strength PE structures based on UHMW-PE were possible. Although a lot of effort was devoted to understand the paramount factors governing the speed and production of oriented PE in the surface-growth technique, a technological process was not feasible in view of the limited take-up speeds, which were lower than 1 m min-I.
At the end of the 1970s a remarkable observation was made at DSM Central Research. It was found that solution-spun UHMW-PE filaments could be ultra-drawn to high-strengthjhigh-modulus fibres, with tenacity > 3 GPa and corresponding Young's moduli of over 100 GPa. 42 Figure 7 shows schematically this process, now often referred to as gel-spinning. A solution of UHMW-PE is spun into a bath, for instance water, and upon cooling solidificationjcrystallization takes place producing a gel-like appearance due to immiscibility of the solvent with water. The asspunjquenched filaments are mechanically sufficiently stabie to be transported via a roller system into an oven in which super-drawing is performed at elevated temperatures. At first glance, gel-spinning seems identical with standard solution-spinning. The remarkable feature, The striking observation is that HMW-PE, M w > 5 x 105, can be ultradrawn after spinning from solution, even after complete solvent removal from the as-spun filaments. In this respect there is a sharp contrast with melt-crystal1ized HMW-PE's (see Fig. 4 ). The major conc1usion is that the 'constraints' which limit the drawability in melt-crystal1ized PE are removed by spinning/casting from solution.
Recent Developments (since 1980)
Since the invention of the geI-spinning process, several (patent) applications have appeared describing variations of this process, but the basic principles have not been challenged, as wiU be discussed in Section 3.
Spinning of UHMW-PE solutions into extracting solvents was c1aimed to be essential for uitra-drawing of the as-spun filaments, due to induced porosity promoting drawability. In a recent review on advances in highstrength fibres 43 it is stated that non-porous fibres in fact cannot be drawn to high draw ratios. In their patent applications, Kavesh and Prevorsek 44 describe the spinning of UHMW-PE solutions and extraction of the solvent from the as-spun filaments with, in their terminology, a volatile solvent, leading to formation of aporous so-called 'xero-gel' fibre. These 'xero-gel' fibres are drawn in a two-stage process and mechanical properties are attained which are similar in magnitude to those obtained in 'standard' gel-spinning. The concept of porosity influencing the drawability was also discussed by Kalb and Pennings. 4S The drawability of as-spun fibres is related to the mobility of the macromolecules, which is determined by various parameters as expressed by the simplified equation ror non-recoverable creep:46 water the as-spun/quenched filaments or tapes were drawn in, for instance, n-decane at BODe. Tenacities of the drawn fibres and tapes of up to 2AGPa were reported and Young's moduli of up to 106 GPa.
On the more academic side, Statton's original work was resumed with the difference that now UHMW-PE single crystals were employed.
Kanamoto et al. 48 prepared single crystal mats ofUHMW-PE which were extruded in the solid state at low EDR values, 6-25 x, and drawn subsequently. Tensile moduli of up to 220 GPa were found at a corresponding draw ratio of about 250 x . From the various studies on the drawing of single crystal mats from UHMW_PE,49-S1 the fol1owing main conc1usions can be inferred:
Single crystal mats based on UHMW-PE are extremely ductile in a temperature range c10se to but below the meiting temperature, as demonstrated by maximum draw ratios in the range 200-400 x . However, the experimental observation that PE single crystals unfold quite easily in the direction of the applied stress at elevated temperatures had been found before by Statton.
22
In the case ofUHMW-PE single crystal mats, the combination of high molecular weight and high achievable draw ratios results in nearly perfect chain-extended polyethylene structures, as reflected by various measured properties compared to theoretical values for perfect crystals (see Table 3 ).
The use of UHMW-PE single crystals is ofless practical interest in view ofthe low polymer concentrations in solutions which are a prerequisite for growing single crystals, typically bel ow 0·05%, aithough the short-term mechanical properties obtained after super-drawing are superior. Apart from the impractical low solution concentrations, processing of precipitated single crystals by continuous extrusion is a slowand tedious In eqn (4), Ë; is the creep rate, AE the activation energy for transport, (1 the applied stress and AV the activation volume. According to Kalb and Pennings an increase in free volume, the microporosity in the fibre to be drawn, wiJl lead to improved drawability. The concept of porosity in relation to drawability wiU be discussed in Section 3.
A seemingly new method was introduced by Mitsui, the so-called meltkneeding process. 47 A mixture of UHMW-PE and paraffin wax (melting point between 40 and 120 D C) was extruded/spun, and after quenching in process sjnce the temperature should be kept strictly below the melting point to avoid a dramatic loss in drawability of the extrudate upon melting and recrystallization; see Section 3.
These disadvantages on the points of extrusion and low solution concentrations were eliminated by the so-calleq 'gel-press-method'.52 A semi-dilute solution of UHMW-PE was cooled and the resulting gel was pulverized to gel particles of about 80/lm. The gel partic1es were accumulated, compressed into sheets to be able to remove most of the solvent, and subsequently shaped via a heated die and post-drawn. Ouring the die-drawing procedure, the solvent acts as a plasticizer and evaporates during post-drawing. The advantage of this process is that large diameter monofilaments or tapes can be produced based on UHMW-PE with tenacities above 2 GPa and corresponding moduli of up to 130 GPa.
A new approach which does away with the necessity of using a solvent to produce ultra-drawable precursors, such as single crystals mats or asspun gel-filaments, was announced by Smith et al. 53 using so-called 'virgin' disentangled PE. With the use of special polymerization conditions, UHMW-PE films were produced showing ultra-draw characteristics. The as-polymerized films were drawn at 135°C to produce oriented structures possessing a tenacity of 3·5 GPa and corresponding moduli of 110 GPa.
BASIC ASPECTS
3.1. Mechanism for Ultra-drawing At first sight it seems impossible to indicate a common mechanism for the various techniques and processes that have been developed for the production of high-modulusjhigh-strength polyethylene structures. However, confining considerations to the molecular scale, the prime observation has been that solution-spunjcast UHMW-PE, even after complete remaval of solvent, is ultra-drawable as compared with meltcrystaJlized samples of identical chemical composition. This is, in fact, the essence of the invention of the gel-spinning process;42 the constraints which limit the drawability of melt-crystallized UHMW-PE (see Fig. 4 , Section 2) are removed by spinningjcasting from semi-dilute solutions. The ro1e of the solvent is to induce a favourable structure for ultradrawing but once this structure is formed the solvent can be removed provided that the precursor thus generated is not destroyed by (partial) melting or dissolution (see below). I   1 it was concluded that the strongly enhanced drawability upon spinningjcasting from solution is due to a reduction of the entanglementdensity in the gels or solid structures generated. 54 In dissolving UHMW-PE the number of contacts between chains decreases proportionally to the de~ree ofdilution, i.e. disentangling of chains. In the limiting case of dilute solutions (1) < 1>*), chains are separated and, upon cooling, individual folded-chain crystals will precipitate. Spinning or casting from solutions will yield folded-chain crystals during the quenchingjsolidification step as weIl, but a certain number of entanglements present in solution will be trapped in the gel or solid structure generated. Oue to this trapping of entanglements coherent, gel-like (gel-spinning) filaments will be obtained upon spinningjquenching. In the case of hypothetical melt-spinning of UHMW-PE the situation in the melt (high entanglement density) is retained to a large extent in the solidifiedjquenched filaments. In the proposed model for the drawability of polyethylene in relation to solution concentration and crystallization history, it is assumed that the trapped entanglements act as physical cross-links that are semi-permanent on the time scale of the drawing experiment. In the case of melt-crystallized UHMW-PE the high entanglement density per chain is prohibitive to ultra-drawing whereas spinningjcasting provides an optimum with respect to the entanglement density and coherence between the individual crystals to make in-line spinningjdrawing feasible on a technological scale. Figure  10 shows the various possibilities with respect to the chain topology, taken from Reference 29. In Fig. 10 trapped entanglements are visualized as topologically interlocked loops. ft should be noted that this mod~l is a simplification of reality since the nature of entanglements IS an experimentally elusive subject in macromolecular physics. 21 However, the fact is that the discovery of gel-spinning and its explanation in terms of removal of 'molecular constraints', interpreted as entanglements, through dissolution prior to drawing has proved to be a viabie concept which has not been challenged up to now. Studies on ultra-drawing of single crystals based on UHMW_PE 48 -50 demonstrate that, in the case of complete chain-disentangling through dilute solution, extremely high draw ratios can be obtained in the solid state in a temperature range close to but below the melting point, resulting in nearly perfect chain-extended PE structures.
Without specifying the nature and role of entanglements in the drawing process, it can be stated as a fact that chains are mutually uncrossable and that, to reach a situation in which chains are aligned parallel, the longchain molecules of UHMW-PE have to he disentangled prior to tensile drawing. The formation of folded-chain type crystals as an intermediate ,g stage does not present a problem in the case of polyethylene since these crystals are ductile and unfold in the direction of the applied stress.
Analysis of Other TechniquesjProcesses
As mentioned in Section 2, porosity has been claimed to be important in ultra-drawing of UHMW-PE, on the basis of free-volume considerations. However, one should not confuse intermolecular (microscopie) free volume with intercrystalline (macroscopie) voids as induced by extraction of solvent from spunjcast filaments or films. 55 This is demonstrated convincingly by the studies on drawing of UHMW-PE single crystals. Compression at room temperature to promote toughness in UHMW-PE single crystal mats 56 or even solid-state extrusion at high pressure does not affect the ultra-draw characteristics, despite the fact that 'porosity' has been removed almost completely.
Melt-kneading of UHMW-PE and paraffin wax is a seemingly different process involving two solid constituents, at least at room temperature. The extrusionjspinning of this mixture is performed at temperatures between 180 and 300°C. For the system UHMW-PEjparaffin wax, the thermodynamic behaviour can be calculated straightforwardly. The equilibrium melting (dissolution) temperatures are derived from the wen known Flory melting-point depression relationship:57 (5) In eqn (5) , Tm and T::' are the dissolution and the melting temperature of PE, !:lH u is the heat of fusion per repeating unit, Vu/V! the molar volume ratio and <IJ the polymer volume fraction. Figure 11 shows the calculated dissolution temperatures for two molecular weights of paraffin and two values of the interaction parameter X. As is clear from Fig. 11 , the actual extrusion temperature (> 180°C) used in the melt-kneading process is far above the dissolution temperature, and consequently the paraffinj UHMW-PE system is a true solution during spinningjextrusion. Consequently melt-kneading is identical with solution-spinningjgel-spinning employing volatile solvents.
All processes discussed up to now involve a dissolution stage to disentangle the long-chain PE molecules either partly, to create a loose entanglement network structure as the ideal precursor for ultra-drawing (gel-spinning), or completely, i.e. production of UHMW-PE single crystals. In retrospect this concept has been used to explain the phenomenon of 
. UHMW-PE liquidus calculated for system UHMW-PE/paraffin (M = 100 and M = 1000 kg kmol-1); the actual values for the interaction parameter, X, will be between the two chosen values X= 0·5 and X= o.
surface growth in terms of a loose entanglement network on the rotor surface.36.3 7 However, as indicated by Smith et al.,53 UHMW-PE films exhibiting ultra-draw characteristlcs can be produced by direct polymerization. It is also weil known that nascent PE or PP reactor powders, obtained by heterogeneous polymerization, are to some extent disentangled since the chains grow initially independently and form folded or extended-chain type crystals depending on the polymerization conditions. 58 Therefore a polymerization process could be envisaged producing disentangled UHMW-PE powder directly in the reactor. If so, the 'only' problem left towards a solvent-free route is to process disentangled UHMW-PE powder which is in fact healing of the particles so as to form continuous structures without destroying ultra-drawability. Literature data indicate that crystalJization and processing memories persist in polyethylene melts for many hourS. 59 • 60 In view of the high molecular weight involved (M w typically above 10 6 kg kmol-1 ) one expects a 'temperature-time window' for processing (extrusion/spinning) where the initially disentangled status is not completely destroyed with loss of drawability. However in the authors' experience such a 'T-t window' does not exist in practice, for two related reasons:
(a) The rheological properties of UHMW-PE melts, at least in shear and within time-scales (frequency ranges) of practical interest, are independent of the previous sample history. Figure 12 shows the No ditference within experimental error is observed between the two melts obtained by respectively heating a melt-crystallized sheet and a sintered solution-crystallized film. The solution-crystallized film was obtained by casting from dilute solutions «0'5%) and sintering to remove voids below Tm' whilst the melt-crystallized sheet was obtained via compression moulding involving a press-cycle of about 1 h at 200°C. The ditference between the two films with respect to drawability in the solid state is of the kind shown before in Fig. 8 . Upon heating above Tm' about 135°C, the two samples are indistinguishable at least in measurements in shear after 3-5 min, the time needed to reach thermal equilibrium in the equipment. This observation implies that in the actual practice of extrusion (shear) no advantage is gained by starting from disentangled UHMW-PE powder or related structures (gel particles etc.). Figure 15 shows tensile strengths ranging from 25 to 40 g den -I at a corresponding strain at break of 6-3% (measured at 23°C/crosshead speed 10%min-I ). Young's moduli ranging from 600 to 1800gden-1 were recorded, which implies that the specific modulus even of highstrength carbon is surpassed. To avoid any confusion about textile units, a comparison for several materials is shown in Table 4 . A comparison as to specific strength/modulus between high-performance PE and some weil 64 P. J. LEMSTRA, R. KIRSCHBAUM, T. OHTA AND H. YASUDA 4. SOME PROPERTJES OF HIGH-PERFORMANCE PE FIBRES crystal mats, is heated above Tm and recrystallized, the ultra-draw characteristics are almost lost immediately. Figure 13 shows the effect of heating a solution-cast film (S) above Tm (BYC), in this case 142°C, and recrystallizing by quen'ching to room temperature. Heating for less than 1 min in the melt is suffkient to cause complete loss of the ultra-draw characteristics, and the sample is indistinguishable in drawing behaviour from a melt-crystallized/ compression-moulded sheet (R). Figure 14 shows the corresponding change in morphology upon heating for about 1 min above T followed by quenching to room temperature. The short time scale for destroying completely the ultra-draw characteristics upon recrystallization of disentangled UHMW-PE struc~ures ref'lects a fast molecular reorganization upon melting. The questIOn as to whether re-entangling (reptation 29 ) or only local, shortrange motions are involved is outside the scope of this review. The main concl~sion in practice is that the operating temperature during processing of dlsentangled UHMW-PE should be kept below the melting temperature, i.e. processing should be restricted to solid-state extrusion. In view of the poor flow properties of solid PE particles it is difficult to envisage a large-scale, solvent-free, spinning/extrusion operation based on disentangled UHMW-PE. However, for the production of large diameter monofilaments or PE tape, solid-state extrusion of disentangled UHMW-PE or related processes such as gel-pressing 52 seem technologically feasible.
Stress-Strain Behaviour
In conc1usion it can be said that gel-spinning of UHMW-PE is, at the time of writing, the optimum route for continuous in-line spinning (Iow viscosity due to presence of solvent)/drawing (optimum morphology, ultra-draw characteristics) in the production of high-strength/highmodulus PE fibres.
The properties presented in this section were obtained from HP-PE fibres originating from the joint development programme of Toyobo and OSM. One should realize that these properties are of a dynamic nature due to a continuous effort being made towards product and process optimization. Aselection has been made to show the potential of HP-PE fibres in some promising applications.
Chemical Resistance
Due to the simple chemical structure of polyethylene with C-C and C-H bonds only, no chemical groups are available for attack in harsh environments. The effect of extremely low pH (H Z S0 4 , 95%) and high pH (NaOH, 50%) on the strength levels in comparison with those of aramid fibres is showni in Fig. 18 . The favourable behaviour of HP-PE could be advantageous in filtering applications in the chemical industry.
Light Resistance
The strength retention after exposure to (artificial) sunlight (JIS Ll013-7.18) in comparison with aramid fibres is given in Fig. 17 ; it is found to be superior. The exposure time of 300 h in the Fadometer corresponds roughly to an outdoor exposure time of 6 months. For various marine applications (long exposure times), the advantage is dear.
known inorganicjorganic fibres is shown in Fig. 16 . Apart from having the advantage of extreme high strengthjstiffness, the textile engineer is able to match the fibre properties to the requirementsofthe end-user by changing only a few process parameters during the spinningjdrawing operation, such as draw ratio and concentration. a Calculated by integration of the stress-strain curve.
Impact Resistance
A combination ofhigh modulus, high breaking strength and an elongation at break of 3-6% leads to a high (calculated) value of the work to break of the fibre (see Table 5 ). A comparison of two types of HP-PE, Kevlar-29 and nylon-6, is given in Fig. 20 , with the absorbed energy measured in high-speed impact testing. It is in particular this superior impact property that makes Hp·PE a good candidate for several protective textile and composite applications. 62 4.6. AbrasionjFlexjBending Properties Oue to the low friction coefficient of polyethylene (UHMW-PE is famous for this unique property as an engineering plastic), the abrasion resistance, 
Melting Behaviour
The melting behaviour of HP-PE fibres seems at first sight rather complex (see the dashed line in Fig. 19 ) due to various constraints imposed on the fibre during the measurement. However, this complex pattern is in fact due to a superposition of two melting modes: Since the invention of the gel-spinning process for polyolefins, a lot of effort has been devoted towards the utilization of this concept for other flexible polymers. High molecular weight polypropylene was investigated in detail by Peguy and Manley;63 by ultra-drawing of dried gels oriented PP structures were obtained possessing moduli of up to 36 GPa and corresponding tenacities of about 1GPa. Their experimentally obtained moduli are close to the theoreticallimits (compare with Table 1 ), but of course rather low in comparison with the values for HP-PE due to the helical conformation of isotactic PP in the crystalline state.
An interesting candidate is polyvinylalcohol (PVAL). Despite its atactic character, PVAL is crystallizable, possesses the all-trans conformation in the crystalline state, and the crystal structure is very similar to that of polyethylene. The advantage over PE is its higher melting point, > 200°C. Allied researchers copied their 'xero-gel' process 44 for the production of PVAL fibres. 64 High molecular weight PVAL was obtained by lowtemperature photo-initiated polymerization of vinyl acetate followed by methanolysis. Molecular weights above 5 x 10 5 kg kmol-1 (Mw) and up to several millions were used in their spinning experiments. Tenacities of the fibres of up to· about 20 g den -1 (2'3 GPa) and corresponding tensile HIGH-STRENGTH/HIGH-MODULUS STRUCTURES 2 0 . --------------------, -----, Table 6 . More generally speaking, the properties of the fibre during single or repeated bending show the enormous potentialof HP-PE in the market for ropes and lightweight fabrics. Both knot strength and loop strength are the highest found in any man-made material related to the intrinsic flexible nature of polyethylene macromolecules. This is also demonstrated in Fig. 21 , showing the aramid and HP-PE fibres after being tested for loop strength. Before rupture the tested monofilaments were examined in the scanning microscope, revealing kinking in the case of PE and splitting for the aramids. The favourable bending behaviour of PE is shown once more in Fig. 22 , revealing knotted monofilaments.
Long-term Properties
Creep of HP-PE fibres is dependent on a large variety offactors, such as E modulus, molecular weight and molecular weight distribution, spinning concentration etc., and is subject to change in the future due to improved control of process and product quality and optimization with respect to the aforementioned parameters. Therefore no definite creep curves for HP-PE can be given. However, it remains an interesting question whether there will be a consistent difference between HP-PE fibres produced from low-volatility solvents and fibres from paraffinic oil, in particular paraffin waxes. Figure 23 shows some comparative data, in particular for creep at 80°C, i.e. above the melting point of paraffinic wax. These data suggest that residual solvent could promote creep, which is .understandable in terms of lubrication of individual microfibrils.
CONCLUSIONS
The properties of the various fibres based on f1exible macromolecules, as presented in this review, are of a dynamic nature; due to the continuous moduli of about 600 g den -I (70 GPa) were reported. The use of high molecular weight was c1aimed to be essential. 64 . 65 However, as reported by Toray,66 similar values for tenacity and modulus can be obtained using rather standard molecular weight PVAL (Mw in the range 1,3-1·8 x kmol-I ). This shows immediately the difficuIty in relating in particular the tenacity to the chain length. Stronger interaction bètween chains makes the drawing process, i.e. chain-extension, more difficult but renders a higher value for tenacity and in particular a better resistance to creep for lower molecular weights. In this respect the polyamides are attractive due to the specific hydrogen bonding in the crystalline state, but no impressive values have been obtained via solution-spinning as yet. 67 High molecular weight nylon-6 (Mw 3·5 x 10 6 ) was spun from solution and drawn. Tenacitiesup to about I GPa and corresponding moduli of 19 GPa were obtained, to be compared with tenacity 0·8 GPa and modulus 6 GPa for technical melt-spun yams.
-A final example of the utilization of the gel-spinning process for f1exible polymers is poly(acrylonitrile). Technical PAN yams based on standard molecular weights (M w 5-10 x 10 4 kgkmoll ) possess tensile strengths of 0·8 GPa and moduli of about 15 GPa. 68 High molecular weight PAN (Mw about 10 6 kg kmol-I) was employed 69 but no significant increase in properties was obtained, at least with respect to tenacity, viz. 0·8 GPa and corresponding moduli of about 27 GPa. A major improvement in tenacity was reported 70 by spinning of high molecular weight PAN from solutions which contain bivalent metal ions, for example Zn2+. The presence of bivalent ions promotes the formation of homogeneous gel-filaments and prevents to some extent the L-L phase separation which usually occurs during coagulation in conventional wet-spinning processes. The combination of high molecular weight and specific metal ions resuIts in tenacity values greater than 1·5 GPa. 70 Similar values have been reported by Japan Exlan. 71 An intriguing question which remains is whether these HS-PAN fibres could lead to better carbon fibres with respect to tenacity and improved toughness. In other words, will a higher tenacity, due to improved chain orientation and higher molecular weight, of the precursor be reflected in the properties of the carbon fibres after oxidationjcarbonization? 7 2 efforts made at process and product optimization, improvements are foreseen.
In the case of HP-PE fibres one could c1assify three application areas:
New, as yet unexplored markets related to the unique properties of HP-PE. Combination ofHP-PE with other high-performance-fibres in hybrid structures, both composites and textiles. Substitution of currently used high-performance-fibres, such as aramids, carbon and glass, mainly depending on pricejperformance criteria.
